In situ and operando spectroscopic and microscopic methods were used to gain insight into the correlation between the structure, chemical state, and reactivity of size-and shape-controlled ligand-free Cu nanocubes (Cu-cubes) during CO2 electroreduction (CO2RR). Dynamic changes in the morphology and composition of Cu-cubes supported on carbon were monitored under potential control via electrochemical atomic force microscopy, X-ray absorption fine-structure spectroscopy and X-ray photoelectron spectroscopy. Under reaction conditions, the roughening of the nanocube surface, disappearance of the (100) facets, formation of pores, loss of Cu and reduction of CuOx species observed were found to lead to a suppression of the selectivity for multi-carbon products (i.e. C2H4 and ethanol) versus CH4. A comparison with Cu-cubes supported on Cu foils revealed an enhanced morphological stability and persistence of Cu(I) species under CO2RR. Both factors are held responsible for the higher C2/C1 product ratio observed for the Cu cubes/Cu as compared to Cu cubes/C. Our findings highlight the importance of the structure of the active nanocatalyst but also its interaction with the underlying substrate in CO2RR selectivity.
Introduction
Since a number of years there is an increasing interest in trying to understand the parameters that govern the electrochemical reduction of CO2 (CO2RR) to design catalysts with high selectivity for valuable chemicals and fuels. [1] Among these parameters, the catalyst structure and chemical state are of particular importance. [2] [3] [4] Compared to polycrystalline Cu electrodes, nanostructured Cu catalysts have shown a significantly improved CO2RR performance, attributed to grain boundaries [5, 6] , Cu(100) facets [7] [8] [9] [10] [11] [12] , increased roughness [13] , defects [14] [15] [16] , lowcoordinated sites [17] [18] [19] , and the presence of subsurface oxygen and Cu(I) species [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Previous studies [9] [10] [11] on Cu single crystals have shown the improved C-C coupling performance of (100) facets, which was further confirmed by the high selectivity towards ethylene observed on cubic-shaped Cu catalysts [7, 8, 16, 21, [30] [31] [32] [33] [34] [35] [36] . However, the presence of (100) facets is not the only factor responsible for the superior activity and selectivity of cubic-shaped Cu catalysts, with surface roughness, subsurface oxygen and Cu(I) species or Cu/Cu(I) interfaces formed and/or stabilized under reaction conditions also playing a very important role. [21] The function of oxygen in such structures is particularly intriguing, since on Cu(100) surfaces it was discussed to contribute to the formation of oxygenated hydrocarbons [37] . The complexity arising from the multiple factors affecting the catalytic performance of cubic-shaped Cu catalysts requires a systematic study of the evolution of their structure and oxidation state under operando CO2RR conditions. This work focuses on the understanding of the relative importance of the different factors responsible for specific selectivity trends observed for Cu catalysts during CO2RR, namely, the presence and stability of Cu(100) facets, defect sites, and the content of Cu(I) species and/or subsurface oxygen. By electrochemically growing ligand-free Cu-cubes on C supports and comparing with analogous samples supported on Cu foils, we were able to reveal the intrinsic behavior of the cubic-shaped Cu NPs catalysts and their dynamic evolution under CO2RR
conditions.
Results and Discussion
Size-dependent changes in the morphology and composition of Cu-cube samples electrodeposited on carbon paper were investigated ex situ via scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) before and after CO2RR, Figures 1, S1
and S2 (Suppl. docs). In all samples the Cu-cubes were found to decrease in size in the course of the first 1 h of the reaction. Furthermore, in this process the originally flat facets and sharp edges of the Cu-cubes were found to roughen, resulting in a porous nanocube surface, Fig. 1 . Operando electrochemical atomic force microscopy (EC-AFM) measurements carried out on a sample with ~100 nm large cubes also revealed significant changes in their morphology already prior to the actual CO2RR. Sample immersion in the aqueous 0.1 M KHCO3 electrolyte at open circuit potential was observed to lead to the formation of "cracks" on the cube facets.
These cracks are likely the result of mechanical stress taking place during the solvation of Cl -ions while being transferred from the cubes to the electrolyte. SEM-EDX data revealed that Cl was present throughout the entire Cu volume in the as prepared samples and therefore, the loss of Cl leads to drastic structural changes in the entire cube volume. A 1 min potential pulse at -1.1 V vs RHE resulted in the further roughening of the nanocube surface, loss of sharp corners and edges, and a decrease in the edge length of approximately 10 %. The latter is assigned to the initial reduction of Cu2O to Cu as well as some loss of Cu.
After 3h CO2RR at -1.1 V vs RHE, an additional 10% decrease of the NP size was observed, with rough spherical-like NP shapes.
X-ray induced Cu LMM Auger electron spectra (XAES) were acquired from pristine Csupported Cu-cubes (220 nm) before and after CO2RR for 1 h at -1.1 V vs RHE in an ultrahigh vacuum (UHV) XPS system directly interfaced to an electrochemical cell. Thus, the sample could be transferred in vacuum to avoid re-oxidation. [21] Additional Cu-2p XPS data are also included in Figure S3 . A surface composition of the pristine C-supported Cu-cubes of 52% Cu2O, 22% CuCl2, 23% CuCl, and 3% metallic Cu was obtained before reaction, Fig. 3 . After the electrochemical treatment, the cubes are mostly reduced, with only 4.6% Cu2O detected.
Interestingly, a higher content of Cu(I) species (13%) was detected after CO2RR on similarly synthesized Cu-cubes supported on a Cu-foil, and no Cu(I) at all in the pristine Cu foil support after CO2RR (Fig. S4) . The latter finding highlights the key role of having a Cu cube/Cu foil interaction for the stabilization of Cu(I) species. The operando EC-AFM data also revealed the formation of cracks (defects) on the Cu-cubes even before applying the potential once they were exposed to the electrolyte. The porous structure seen by SEM can also be a result of the progressive CuOx reduction during the reaction. Under reaction conditions, these pores as well as the cube corner and edges appear more prone to dissolution than the higher coordinated flat facets.
Since Cu(I) species [37] have been suggested to play an important role in CO2RR selectivity, in order to better detect small amounts of Cu-O species an additional analysis of the XAFS data by wavelet-transform [38] (WT) was applied (Fig. 5) . Details on this analysis are given in the Suppl.
documents. After processing the measured spectra and doing the Morlet WT, the spectra were Cu2O after 1 h of CO2RR. CuO could not be reasonable fitted. These findings are in good accordance with the XPS surface analysis indicating that for the Cu cube/C system, no Cu2O species remain after 1 h of reaction either at the surface (XPS) or in sub-surface regions (XAFS), which is in clear contrast with previous findings for Cu-cubes/Cu-foil (Fig. 3 ). [21, 22] Faradaic efficiency of all products from CO2RR is displayed in Fig. 6 . Detailed information on the different products detected can be found in Figure 7 for the 220 nm Cu-cubes and in Figs. S9, S10 and S11. Similar trends for small Cu-Au cubic NPs were reported in Ref. [39] . For the stability tests, Cu-cubes of three different initial sizes were investigated at -1.05 V vs RHE, Fig. 6 . This potential was chosen since we expect to see the highest selectivity towards C2-C3 products. [40] The total CO2RR FE was found to increase with increasing Cu-cube size, and achieves an initial value of ~75% on the 580 nm cubes. This is assigned to the enhanced morphological stability of the larger cubes. A second general trend, independent of size, is a decrease in Faradaic efficiency for CO2RR and increase in HER over time. An exception is the 220 nm Cu-cubes sample, which starts already with higher Faradaic efficiency for HER over CO2RR. The smaller cube size on the weakly binding C support leads to a lower stability of the Cu-cubes, leading to the loss of material into the electrolyte and possible subsequent redeposition as small clusters on the support and Cu-cubes. Such low-coordinated structures were found to result in an increase in the H2 and CO production and decrease in the formation of hydrocarbons, i.e., they favor HER over CO2RR. [41, 42] This correlates with the observed morphological changes shown in Figs. 1 and 2 , where a rounding of corners and edges and roughening of the facets is observed. Figure 7 (a) displays the FE data for the pristine 220 nm Cu-cubes on C measured as a function of the applied potential after 1 h of CO2RR. The production of C2 and C3 products peaks around -1.0 V vs RHE, whilst hydrogen evolution is the lowest at this potential. At potentials more negative than -1.0 V vs RHE, C2/C3 products decline, whilst methane production keeps increasing. are also shown for the pristine 220 nm Cu-cubes on C, 250 nm Cu-cubes on Cu foil and two reference Cu foils electropolished and O2-plasma treated (20, 20 W, 400 mTorr [21, 22] ).
The FE for C2H4, CH4 and CO as a function of the applied potential for the pristine 220 nm Cu-cubes on C together with similarly synthesized 250 nm Cu-cubes supported on a Cu foil as well as electropolished and O2-plasma-treated Cu foils are shown in Figure 7(b-d) . A very strong support-effect is evident, with the Cu-cubes grown in the weakly-interacting C support displaying a higher overpotential and much lower FE for C2-C3 products than the similarly-sized Cu-cubes on the Cu foil. In fact, as can be seen in Fig.7(c) , the production of CH4 of the Cucubes on C resembles the metallic electropolished Cu foil, although the CO production of the Cu-cubes on C is much higher, Fig. 7(d) . It is remarkable that the pristine Cu-cubes on the Cufoil, which were found to better stabilize Cu(I) species under reaction conditions (Fig. 3) , behave similarly to the O2-plasma treated Cu foils. Therefore, we can confirm a direct correlation between the stabilization of Cu(I)/Cu interfaces (Cu-cubes on Cu-foil) and the selectivity for C2-C3 products, since metallic Cu-cubes supported on C are more selective for C1 products. This is however not the only reason for the change in the selectivity. Even more important are the drastic structural changes observed for the Cu-cubes on C. The roughening of the Cu(100) facets, partial loss of the cubic shape and formation of pores as well as detachment from the surface play a critical role in the selectivity switch reported here.
Conclusion
A simple electrochemical method for the synthesis of cubic-shaped nanoparticles of tunable size supported on carbon substrates is presented here. Dynamic morphological and chemical transformations of Cu-cubes during CO2RR were monitored using operando EC-AFM and X-ray absorption fine-structure spectroscopy (XAFS). Drastic changes in the cube morphology were found to take place for the Cu-cubes on C under CO2RR conditions, including the roughening and loss of (100) facets, loss of Cu atoms from edge and corner sites, and the reduction of CuOx species.
The selectivity for CO2RR versus HER was found to decrease with decreasing cube size, which was assigned to more drastic changes in the cube morphology taking place under CO2RR conditions over smaller cubes. In contrast with the findings previously reported for Cu-cubes grown on Cu foils, a surprisingly high selectivity for CH4 as compared to C2H4 was observed when deposited on C. The observed morphological instability of the Cu-cubes on C versus those deposited on Cu, together with the absence of stable Cu(I) species in the former samples are considered responsible for the preferred selectivity for C1 products. CuSO4·5H2O concentration, number of cycles, and applied potential. High surface area carbon paper was used as substrate (Toray Carbon Paper TGP-H-060). The Cu-cubes on Cu-foil were prepared as described in Ref. [21] .
COMMUNICATION
A variety of In situ and operando spectroscopic and microscopic methods were used to gain insight into the correlation between the structure, chemical state, and reactivity of sizeand shape-controlled ligand-free Cu nanocubes during CO2 electroreduction. Dynamic changes in the morphology and composition of Cu nanocubes supported on carbon were monitored under potential control and correlated to product selectivity. 
Surface Characterization
For a thorough investigation of the surface morphology, composition, and changes during the reaction, a variety of characterization techniques were used. For morphological analysis, scanning electron microscopy (SEM) using a Quanta 200 FEG from FEI with a field emitter as electron source as well as an atomic force microscopy (AFM) using a Bruker MultiMode 8 were applied. The SEM images were acquired in vacuum utilizing a secondary electron detector (Everhart-Thornley). The images were taken with an acceleration voltage of 10 keV at a working distance of 10 mm. With these parameters, the best spatial resolution, field depth, and signal to noise ratio were achieved. For AFM, operation in air was conducted to image the initial morphological state of the samples, with subsequent imaging in liquid under potential control using 0.1 M KHCO3 as electrolyte.
The sample surface was investigated by in-situ X-ray photoelectron spectroscopy (XPS) in an ultra-high vacuum setup. The XPS setup was equipped with a non-monochromated Al X-ray source (hv = 1486.6 eV) as well as a hemispherical electron analyzer (Phoibos 100, SPECS GmbH). The XPS analysis chamber was connected to an in situ electrochemical cell (SPECS GmbH) with an Autolab potentiostat (PGSTAT 302N) to conduct the measurements, so that in between XPS measurements, the sample was not exposed to air. The Auger spectra (Fig. 3) were deconvoluted with reference signals from metallic Cu*, Cu2O (from Ref. [1] ), CuCl* and CuCl2*. (* Indicates reference spectra measured in our system).
Bulk characterization was experimentally realized by energy-dispersive X-ray spectroscopy (EDX) and X-ray absorption fine-structure spectroscopy measurements (XAFS). The EDX spectra were acquired in vacuum with a liquid-N2 cooled detector that was attached to the previously described Quanta200 FEG microscope by FEI. All data shown correspond to an average of at least three separate measurements and the error in the content of the different species was calculated from these. The samples after synthesis and reaction were washed thoroughly and transferred immediately into the SEM chamber to minimize the air exposure and thereby possible reoxidation.
Operando XAFS measurements were conducted to solidify the findings and give better accuracy about the content of the different Cu, CuO and Cu2O species in subsurface sample regions (volume-averaging technique). For each sample, the full spectrum consisting of the Xray absorption near-edge structure region (XANES) and the extended X-ray absorption fine structure region (EXAFS) were acquired. After subtracting a baseline for pre-and post-edge as well as a function for the edge-step, the remaining part of the spectrum in energy space (E-space)
is then transferred to wavenumbers (k-space). The resulting spectrum is shown in Fig. S4 . These spectra can be Fourier transformed to get the spectrum in R-space which then can be fitted.
These measurements were compared to references and fitted as well. Additionally, Morlet wavelet transform (WT) was performed to better analyze small amounts of oxide species after reaction. In contrast to the traditionally applied Fourier transform (FT), the WT allows twodimensional separation in distance and frequency space domain simultaneously. The mathematical details regarding the application of WT are discussed by Timoshenko et. al. [2] For electrochemical analysis, an H-type cell, with two compartments separated by a Selemion anion exchange membrane (by AGC), was used. The cell was gas-tight, both compartments were filled with 40 mL of electrolyte, and continuously purged with CO2 at a flow rate of 20 mL min -1 . The electrolyte used in the experiments was a KHCO3 (Sigma Aldrich, 99%) solution with a concentration of 0.1 M. This acts as a buffer to avoid significant bulk pH changes during the reaction, since this could influence the reaction pathway [3] [4] [5] . To ensure CO2 saturation, the electrolyte was purged prior to the experiment to remove dissolved oxygen and To determine the surface composition of the pristine Cu-cubes before and after CO2RR for 1 h at -1.1 V vs RHE, X-ray photoelectron spectroscopy (XPS) data from the Cu-2p (Fig. S3) and Cu LMM Auger region (Fig. 3 in the main text) were acquired in an ultra-high vacuum-(UHV) XPS system directly attached to an electrochemical cell, allowing the transfer of the samples in vacuum to avoid reoxidation. Although no distinction between metallic Cu and Cu + species can be made in the analysis of the Cu-2p region (Fig. S3) , our fits confirm a content of 64 % Cu(I/0), and 36 % Cu(II) in the as prepared sample and almost no Cu(II) after reaction (4 %). The Cu LMM AES data (Fig. 3) were deconvoluted using reference spectra for metallic Cu, Cu2O, CuCl and CuCl2 measured in the same system together with reference spectra by Biesinger et al. [6] Our quasi in-situ XPS data reveal that the surface of the pristine Cu nanocubes consisted of 51.7 % Cu2O, 21.8 % CuCl2, 23.5 % CuCl, and 3.0 % metallic Cu. After electrochemical treatment for 1 h at -1.05 V vs RHE, the XPS data (no potential applied on the sample during XPS) indicate that the cubes are mostly reduced, but ~5 % Cu2O was still detected. 
